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ABSTRACT 

  

Introduction: For the elimination of environmental chemicals and metabolic 

waste products, the body is equipped with a range of broad specificity 

transporters that are present in excretory organs as well as in several epithelial 

blood-tissue barriers. 

Areas covered: ABCC2 and ABCC3 (also known as MRP2 and MRP3) mediate 

the transport of various conjugated organic anions, including many drugs, 

toxicants and endogenous compounds. This review focuses on the physiology 

of these transporters, their roles in drug disposition and how they affect drug 

sensitivity and toxicity. It also examines how ABCC2 and ABCC3 are 

coordinately regulated at the transcriptional level by members of the nuclear 

receptor (NR) family of ligand-modulated transcription factors and how this 

can be therapeutically exploited. 

Expert opinion: Mutations in both ABCC2 and ABCC3 have been associated 

with changes in drug disposition, sensitivity and toxicity. A defect in ABCC2 is 

associated with Dubin-Johnson syndrome, a recessively inherited disorder 

characterized by conjugated hyperbilirubinemia. Pharmacological 

manipulation of the activity of these transporters can potentially improve the 

pharmacokinetics and thus therapeutic activity of substrate drugs but also 

affect the physiological function of these transporters and consequently 

ameliorate associated disease states. 
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ARTICLE HIGHLIGHTS 
 
 
• ABC transporters ABCC2 and ABCC3 mediate transport of various 

conjugated organic anions, including many drugs, toxins and endogenous 

compounds. 

 

• A defect in human ABCC2 is associated with Dubin-Johnson syndrome, a 

recessively inherited disorder characterized by conjugated 

hyperbilirubinemia. Mutations in ABCC2 and ABCC3 are associated with 

changes in drug disposition, toxicity and sensitivity. 

 

• ABCC2 mediates hepatobiliary excretion but it also prevents intestinal 

absorption and brain penetration of its substrates. 

 

• ABCC3 provides an alternative excretory route during obstructive 

cholestasis or other conditions of ABCC2 deficiency, by mediating 

basolateral transport of substrates from the liver or intestine back into the 

blood, after which they can be excreted in urine. 

 

• Several drug-activated Nuclear Receptors modulate the expression and 

transport function of ABCC2 and ABCC3 . Interindividual differences in 

ABCC2 and ABCC3 transport function should be taken into account in 

design of personalized medicine strategies 

 

  

2
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1. INTRODUCTION 

ABC transporters bind and hydrolyze ATP to enable active transport of various 

substrates across cell membranes of various cell types. The human ABC 

transporter family consists of 48 members, subdivided into 7 subfamilies based 

on aminoacid sequence and phylogeny 1,2. Many of the ABC transporters are 

involved in transport of drugs, xenobiotics and endogenous substances and 

hence play important roles in (patho)physiology as well as pharmacology. 

ABCC2 and ABCC3 belong to the ABCC subfamily, consisting of 13 members in 

mammals, and divided in 3 classes: multi-drug resistance proteins (MRPs), 

sulfonylurea receptors and the cystic fibrosis transmembrane conductance 

regulator (CFTR/ABCC7). MRPs form the largest group of the ABCC subfamily, 

consisting of nine members, including ABCC2 and 3 2. The founding member of 

this family, ABCC1 (MRP1), was originally identified in 1992 by its capacity to 

confer multi-drug resistance (MDR) in a lung cancer cell line that was selected 

for resistance to doxorubicin 3. ABCC1 was the second MDR transporter that 

was identified, after ABCB1 (P-glycoprotein/MDR1). ABCC transporters are 

expressed in various tissues, including the liver, kidney, intestine and brain 4. 

These transporters are localized in basolateral or apical membranes of 

hepatocytes, renal proximal tubule cells, enterocytes and endothelial cells of the 

blood-brain barrier where they mediate transport of anionic compounds out of 

cells 5. 

 

2. ABCC3 AND ABCC3: MAJOR PLAYERS IN ORGANIC ANION TRANSPORT  
 
2.1 Identification, localization and substrate specificity 
 
2.1.1 ABCC2 

ABCC2 (previously known as MRP2 or canalicular multispecific organic anion 

transporter cMOAT) was independently identified in two laboratories, based on 

its similarity with ABCC1 and absence of its expression in homozygous ABCC2-
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deficient rats and humans, respectively 6,7. The in vivo function of ABCC2, 

however, was already elucidated prior to identification of its encoding gene, as 

ABCC2 is effectively deficient in two mutant rat strains (see Section 2.4.1) and 

in patients with Dubin--Johnson syndrome 8-12. Affected individuals display a 

recessively inherited conjugated hyperbilirubinemia, which can result in 

clinically apparent jaundice (i.e., yellow coloring of skin and mucosal surfaces 

due to hyperbilirubinemia) but, overall, the phenotype of this disease is 

relatively mild. The cause of hyperbilirubinemia is the absence of ABCC2 from 

the hepatocytic canalicular (apical) membrane, where it normally mediates 

hepatobiliary excretion of mono- and bis-glucuronidated bilirubin molecules. 

Dubin-Johnson patients also present with dark liver pigmentation, which is 

caused by accumulation of polymerized epinephrine metabolites, another 

substrate of the transport protein 13,14. Dubin-Johnson patients are most often 

asymptomatic, but the diminished ABCC2 function in females can result in 

worsening of hyperbilirubinemia and jaundice in pregnancy or after oral 

contraceptive use 15. Although several polymorphisms in the ABCC2 gene have 

been identified, only a relatively small number of these actually result in Dubin-

Johnson  Syndrome 16. ABCC2 is known to have a very broad substrate 

specificity (Table 1). Apart from transporting endobiotics, such as bilirubin and 

epinephrine metabolites, ABCC2 is also known to transport various anticancer 

drugs, such as irinotecan and methotrexate (MTX), HIV-drugs, such as protease 

inhibitors and several antibiotics 16. Altered ABCC2 function can thus affect the 

clearance of many clinically important drugs. ABCC2 transports a wide variety 

of conjugated organic anions such as sulfate-, glucuronide- and glutathione 

(GSH)-conjugates of endo- and xenobiotics. Apart from hepatocytes, ABCC2 is 

expressed in the luminal (apical) membrane of enterocytes in the small 

intestine and colon, proximal tubules of the kidney and brain capillary 

endothelium 17,18. In addition, ABCC2 expression was described in certain lung, 

gastric, renal and colorectal tumor cell lines 19 and increased levels have been 

2
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observed in solid tumors originating from the kidney, colon, breast, lung, ovary 

and in acute myeloid leukemia cells 20,21. ABCC2 has further been shown to 

confer resistance to several anti-cancer drugs including anthracyclines, 

camphothecins, vinca alkaloids, MTX, etoposide, cisplatin and irinotecan 22-24. 

 

Table I: ABCC2 substrates 

 Detection Description Ref. 
Endogenous compounds and 

metabolites  
   

Bilirubin mono- and 
bisglucuronosyl conjugates 

3H Heme breakdown 
product  
Cause of jaundice, 
kernicterus 

230  

Cholecystokinin peptide (CCK-8)  3H Peptide hormone 231,232  
Estradiol-17β-d-glucuronide 3H Estrogen metabolite 22  
Estrone 3-sulfate  3H Estrogen metabolite 233  
Glutathione  3H, enzymatic Antioxidant 234,235  
Leukotriene C4  3H Eicosanoid 

inflammatory mediator 
22  

Taurochenodeoxycholate sulfate 3H Bile salt 236  
Taurolithocholate sulfate 3H Bile salt   
Taurocholate 3H Bile salt 53,236  
Drugs and drug metabolites       
Amoxicillin  Immunocyto-

chemistry 
Antibiotic 237  

Azithromycin HPLC Antibiotic 238  
Cephalosporins  LC-UV Antibiotic 239,240  
Erythromycin  14C Antibiotic 106  
Moxifloxacin glucuronide  
Moxifloxacin sulfate 

LC/MS Antibiotic 241  

Rifampicin  Light 
spectometry 

Antibiotic 46,177  
 

Spiramycin  LC/MS Antibiotic 105  
Cisplatin  Resistance,  

AAS 
Anticancer drug 22,242,243  

Chlorambucil monoglutathionyl  3H Anticancer drug, 
Alkylating agent 

244  

Docetaxel 3H Anticancer drug, Taxane 245  
Doxorubicin  Resistance Anticancer drug, 

Anthracycline 
22,242  

Epirubicin  Resistance Anticancer drug, 
Anthracycline 

22  

Etoposide  Resistance Anticancer drug, 
Topoisomerase inhibitor 

22  

Methotrexate (MTX) 3H, HPLC Anticancer drug, 
Antifolate 

125,246  

7-hydroxymethotrexate HPLC MTX metabolite 125  
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Paclitaxel 3H Anticancer drug, Taxane 245  
SN-38 (7-ethyl-10-hydroxy-
camptothecin)  

Resistance Anticancer drug, 
Topoisomerase inhibitor 

247  

Vinblastine  3H Anticancer drug, Vinca 
alkaloid 

248  

Vincristine  Resistance Anticancer drug, Vinca 
alkaloid 

22,242,243  

Acetaminophen glucuronide  3H Paracetamol, Pain 
reliever 

249  

Carbamazepine  HPLC Anticonvulsant, 
antiepileptic 

97,98  

Valproic acid glucuronide GC/MS Anticonvulsant, 
antiepileptic 

146  

Cerivastatin  3H Statin, lowering of 
cholesterol  
HMG-CoA reductase 
inhibitor 

250  

Pravastatin  3H Statin, lowering of 
cholesterol  
HMG-CoA reductase 
inhibitor 

250  

Statins: Simvastatin, Pravastatin, 
Pitavastatin, Fluvastatin, 
Atorvastatin, Lovastatin and 
Rosuvastatin 

Stimulation of 
ATPase 
activity 

Statin, lowering of 
cholesterol  
HMG-CoA reductase 
inhibitor 

251  

Diclofenac glucuronide  HPLC Non-steroidal anti-
inflammatory drug 

252  

Mycophenolic acid HPLC Immunosuppressant  253  
Enalapril  3H Antihypertensive, 

angiotensin-converting 
enzyme (ACE) inhibitor 

254  

Fosinopril  Light 
spectrometry 

Antihypertensive, 
angiotensin-converting 
enzyme (ACE) inhibitor 

107  

Olmesartan  3H Antihypertensive  
angiotensin II receptor 
antagonist 

255  

Telmisartan glucuronide 3H Antihypertensive  
angiotensin II receptor 
antagonist 

232  

Valsartan  3H Antihypertensive  
angiotensin II receptor 
antagonist 

256  

Ethinyl estradiol glucuronide  3H Oral contraceptive 257  
Fexofenadine  LC/MS Antiallergic, H1-receptor 

agonist 
258  

Etacrynic acid, S-glutathionyl  14C Antihypertensive, loop 
diuretic 

248  

Morphine-3-glucuronide 3H Narcotic 114  
Indinavir 3H HIV protease inhibitor 259  
Ritonavir 3H HIV protease inhibitor 259  
Saquinavir 3H HIV protease inhibitor 259  

2
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Tauroursodeoxycholate 3H Therapeutic bile salt 260  
Environmental chemicals       
2-Amino-1-methyl-6-
phenylimidazo4,5-bpyridine 
(PhIP)  

14C Dietary carcinogen 261  

2-Amino-3-methylimidazo4,5-
fquinolone (IQ)  

14C Dietary carcinogen 261  

GSH conjugates of metals: 
Antimony, Arsenic, Bismuth, 
Cadmium, Copper, Silver, Zinc  

LC/MS Metals 262  

NNAL-O-glucuronide 3H Tobacco-specific 
carcinogen 

263  

Ochratoxin A  Fluorescence Mycotoxin 265  
Diagnostic compounds       
Bromosulfophthalein  3H Substance to measure 

hepatobiliary 
elimination 

177  

p-Aminohippurate  14C, 3H Substance to measure 
kidney function 

264,265  

 

2.1.2 ABCC3 

ABCC3 (MRP3) was independently identified in several laboratories based on 

homology with ABCC1 and ABCC2 25-29. Initially, human ABCC3 was reported to 

be expressed in the liver, small intestine and colon and to be inducible by 

phenobarbital in HepG2 cells 29. ABCC3 has not been studied as extensively as 

ABCC2 and its function and regulation are not completely established. ABCC3 

shows considerable overlap in substrate specificity with ABCC2 (Table 2). Apart 

from transporting a broad range of glucuronide conjugates such as bilirubin 

diglucuronide, ABCC3 is known to transport various bile salts (taurocholate, 

glycocholate, taurochenodeoxycholate-3-sulfate, taurolithocholate-3-sulfate) 30 

and several clinically important anionic drugs such as etoposide 31, MTX and its 

toxic metabolite 7-hydroxymethotrexate 32. ABCC3 is expressed not only in the 

liver and intestine but also in the adrenal gland, pancreas and kidney 33. In the 

liver and intestine, it localizes to the basolateral membrane of hepatocytes and 

enterocytes, respectively, where it mediates the efflux of substrates from the 

cells into the blood 34-37. Although ABCC3 is not abundantly present in the 

healthy liver, a strong upregulation of ABCC3 is observed when ABCC2 function 
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is decreased or absent, as in Dubin-Johnson syndrome 34. In addition, ABCC3 is 

upregulated in cholestatic livers of humans and rats 33,38,39. These observations 

indicate a toxicological defence function of ABCC3, in which ABCC3 eliminates 

a range of (toxic) anions from hepatocytes in case of ABCC2 deficiency and/or 

otherwise impaired biliary secretion. Although ABCC3 does not play a pivotal 

role in normal bilirubin transport, it provides an alternative bilirubin 

detoxification pathway by transporting conjugated bilirubin from hepatocytes 

back into the blood, after which it can be excreted into urine 40. Moreover, 

ABCC3 is speculated to play a role in cholehepatic and enterohepatic circulation 

of bile salts, enabling recycling of bile salts through the liver to promote the 

generation of bile 33. ABCC3 expression is also elevated in human hepatocellular 

carcinomas 41, primary ovarian cancer 42 and adult acute lymphoid leukemia 43, 

where it can confer resistance to MTX 32, tenoposide 44 and etoposide 31. 

 

Table II: ABCC3 substrates 

Endogenous compounds and 
metabolites  

Conjugate Description Ref. 

Bilirubin glucuronide Clinical 
chemistry 

Heme breakdown 
product  
Cause of jaundice, 
kernicterus 

111  

Dehydroepiandrosterone-3-sulfate  3H Steroid hormone 
metabolite 

266  

Dinitrophenyl S-glutathione 3H Glutathione conjugate 44  
Estradiol-17β-glucuronide 3H Steroid hormone 

metabolite 
236,266,267  

Folic acid LC/MS, 3H Vitamin B9 121,268  
Glycocholate 3H, 14C Bile salt 30,267  
Taurocholate 3H Bile salt 30  
Taurochenodeoxycholate-3-sulfate 3H Bile salt 30  
Taurolithocholate-3-sulfate 3H Bile salt 30  
Leukotriene C4  3H Pro-inflammatory 

arachidonic acid 
metabolite 

267  

Drugs and drug metabolites       
4-Methylumbelliferone glucuronide  
4-Methylumbelliferone sulfate 

LC/MS Choleretic 119,269  

6-Hydroxy-5,7,-dimethyl-2-
methylamino-4-(3-

LC/MS Anti-inflammatory 119  

2

 

https://www-tandfonline-com.proxy-ub.rug.nl/doi/figure/10.1517/17425255.2015.981152?scroll=top&needAccess=true
https://www-tandfonline-com.proxy-ub.rug.nl/doi/figure/10.1517/17425255.2015.981152?scroll=top&needAccess=true
https://www-tandfonline-com.proxy-ub.rug.nl/doi/figure/10.1517/17425255.2015.981152?scroll=top&needAccess=true
https://www-tandfonline-com.proxy-ub.rug.nl/doi/figure/10.1517/17425255.2015.981152?scroll=top&needAccess=true
https://www-tandfonline-com.proxy-ub.rug.nl/doi/figure/10.1517/17425255.2015.981152?scroll=top&needAccess=true
https://www-tandfonline-com.proxy-ub.rug.nl/doi/figure/10.1517/17425255.2015.981152?scroll=top&needAccess=true
https://www-tandfonline-com.proxy-ub.rug.nl/doi/figure/10.1517/17425255.2015.981152?scroll=top&needAccess=true
https://www-tandfonline-com.proxy-ub.rug.nl/doi/figure/10.1517/17425255.2015.981152?scroll=top&needAccess=true
https://www-tandfonline-com.proxy-ub.rug.nl/doi/figure/10.1517/17425255.2015.981152?scroll=top&needAccess=true
https://www-tandfonline-com.proxy-ub.rug.nl/doi/figure/10.1517/17425255.2015.981152?scroll=top&needAccess=true
https://www-tandfonline-com.proxy-ub.rug.nl/doi/figure/10.1517/17425255.2015.981152?scroll=top&needAccess=true


Chapter 2 

64 

 

pyridymethyl)benzothiazole 
(E3040) glucuronide 
Acetaminophen glucuronide  
Acetaminophen sulfate 

LC/MS  Paracetamol, Pain 
reliever 

269  

Cefadroxil 3H Antibiotic 124  
Ethinyl estradiol glucuronide  3H Oral contraceptive 257  
Etoposide 3H Anticancer drug 31,44  
Fexofenadine LC/MS Antiallergic, H1-

receptor antagonist 
258  

Gemfibrozil glucuronide LC/MS Lipid lowering drug, 
Fibrate class 

119  

Leucovorin  LC/MS, 3H Anticancer drug, folic 
acid metabolite 

121,268  

Morphine-3-glucuronide  3H Narcotic 37  
Morphine-6-glucuronide  3H Narcotic 37  
Methotrexate (MTX) HPLC Anticancer drug, 

antifolate 
125  

7-Hydroxymethotrexate  HPLC MTX metabolite 125  
Teniposide Resistance Anticancer drug, 

Topoisomerase 
inhibitor 

44  

Troglitazone glucuronide LC/MS Antidiabetic, Glitazone 
class 

119  

Environmental chemicals       
Bisphenol A glucuronide LC/MS Industrial plasticizer 119  
Harmol sulfate,  
Harmol glucuronide 

LC/MS β-Carboline alkaloid, 
Harmine metabolite 

269  
 

Resveratrol glucuronide 3H Antioxidant, 
Phytoestrogen 

117  

Glucuronides of: Daidzein, 
Enterodiol, Enterolactone, Equol, 
Genistein, Glycitein, 
Secoisolariciresinol 

LC/MS Phytoestrogens 118 

 

2.2 Role of ABCC2 and ABCC3 in bilirubin detoxification 

ABCC2 and ABCC3 are the only transporters capable of exporting conjugated 

bilirubin and therefore play an important role in bilirubin detoxification. 

Bilirubin, the yellow-coloured bile pigment, is produced in the 

reticuloendothelial system by the degradation of heme from the hemoglobin of 

erythrocytes and from other heme-containing proteins, such as myoglobin and 

specific respiratory chain proteins 45. In unconjugated form, bilirubin is a 

potentially neurotoxic compound 45. Several bilirubin-associated diseases have 

been identified, each affecting a different step in the multilevel process of 

bilirubin detoxification. At the basolateral membrane, hepatocytes take up 
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unconjugated bilirubin from blood by organic anion-transporting polypeptides 

(OATP) 1B1 and 1B3 46. OATP1B1 mainly mediates unconjugated bilirubin 

transport 46, whereas OATP1B3 seems to play a role in re-uptake of conjugated 

bilirubin 47. Mutations in these transporter genes can lead to Rotor syndrome, 

which is characterized by mixed (conjugated and unconjugated) 

hyperbilirubinemia. After uptake in hepatocytes, unconjugated bilirubin is 

conjugated twice to glucuronic acid by a single enzyme, UDP-

glucuronosyltransferase (UGT) 1A1, resulting in bilirubin monoglucuronide 

and bilirubin diglucuronide, respectively 48. A deficiency in this enzyme, as seen 

in Crigler-Najjar syndrome, leads to accumulation of unconjugated bilirubin 49, 

which is associated with the lifelong risk of severe hyperbilirubinemia that can 

lead to kernicterus with permanent neurological damage or even death. In 

Gilbert syndrome, two extra bases (TA) in the TATAA box of the promotor of 

UGT1A1 result in a ~ 70% decreased expression level in homozygous 

individuals. In combination with another (as yet unidentified) genetic factor, 

this leads to Gilbert syndrome which is characterized by neonatal jaundice and 

a mild, chronic hyperbilirubinemia in later life 50. Conjugated bilirubin is 

excreted into the bile by ABCC2. Alternatively, in obstructive cholestasis or 

when ABCC2 is deficient, conjugated bilirubin can be transported back into the 

blood at the basolateral hepatocyte membrane via ABCC3, after which it can be 

excreted in urine (Figure 1) 51. In contrast to unconjugated bilirubin, conjugated 

bilirubin cannot be reabsorbed from the intestine and is disposed via the feces. 

However, the presence of deglucuronidating enzymes in the intestinal mucosa 

and in microflora allow bilirubin reabsorption after prior deconjugation.   
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Figure 1. ABCC2 and ABCC3-mediated transport in the hepatocyte. Hepatic uptake of xeno- and 

endobiotics takes place at the sinusoidal membrane of the hepatocyte (Phase 0). Uptake of 

unconjugated bilirubin is mediated by OATP1B1 and OATP1B3. Within the hepatocyte compounds 

can be modified (oxidated) by members of the CYP subfamily (Phase I) followed by conjugation by 

glutathione S-transferases (GSTs), UDP-glucuronosyl-transferases (UGTs) and sulfotransferases 

(SULTs) (Phase II) and finally excreted (Phase III) by polyspecific transporters ABCC2 (cMOAT, 

MRP2), ABCB1 (MDR1, P-glycoprotein), ABCG2 (BCRP) and ABCB11 (BSEP). During cholestasis or 

other conditions of ABCC2 deficiency, substrates can also be excreted back into the circulation via 

the sinusoidal transporter ABCC3 (MRP3). Many Phase 0-III enzymes are transcriptionally 

regulated by nuclear receptors PXR and CAR to facilitate endo- and xenobiotic elimination. 

 

2.3 Role of ABCC2 and ABCC3 in bile salt transport and cholestasis 

Apart from facilitating bilirubin transport, ABCC2 transports other organic bile 

constituents including the highly choleretic GSH and divalent sulfated or 

glucuronidated bile salts 52-55. ABCC2 is an important determinant of bile flow 

and bile composition 52. Bile is produced by hepatocytes, modified by 

cholangiocytes and facilitates lipid absorption in the small intestine by aiding 
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fat emulsification and solubilization of lipophilic products 56,57. Major 

constituents of bile are the primary bile salts cholate and chenodeoxycholate, 

which are synthesized from cholesterol within hepatocytes 58-61. These primary 

bile salts are conjugated to either taurine or glycine and secreted into the bile 

mainly by the canalicular bile salt export protein (BSEP) (ABCB11) 52,62. Part of 

the bile salts is deconjugated in the intestinal lumen by bacteria, and further 

converted from primary bile salts into secondary bile salt species by 

dehydroxylation reactions, which results in the production of deoxycholate and 

the poorly absorbable lithocholate. Most of the conjugated primary bile salts 

and deoxycholate are reabsorbed from the ileum by the apical sodium-

dependent bile salt transporter (ASBT) 63,64. A small fraction of the 

unconjugated bile salts is absorbed by passive diffusion 65,66. These bile salts are 

subsequently taken up from the portal blood into hepatocytes through the 

basolateral Na+/taurocholate transporter (NTCP) and OATPs 52,57,67. In the 

hepatocyte, unconjugated bile salts are re-conjugated with taurine or glycine, 

prior to (re)secretion into the bile 68. Abcc2-deficient rats (see Section 2.4.1) 

have increased bile salt levels in serum and decreased bile salt-independent bile 

flow in combination with decreased biliary GSH concentrations 7,8,54,69-71. In 

addition, Dubin-Johnson patients show lower ursodeoxycholate (UDCA) 

tolerance when challenged with this hydrophilic bile salt, yet no bile salt-

induced toxicity has been reported 72. The transport of glycine- and taurine-

conjugated primary bile salts is relatively preserved, in contrast to that of 

sulfate- or glucuronide-conjugates. In accordance with the predominant roles 

of the primary bile salts in aiding fat absorption and their relatively maintained 

biliary secretion, Dubin--Johnson syndrome is not associated with fat 

malabsorption 73,74. The relatively mild phenotype of Dubin--Johnson patients 

can, at least in part, be explained by compensatory alternative routes of disposal 

from the body for ABCC2 substrates. Similar to the situation in cholestatic liver 

diseases, defective ABCC2 activity induces hepatic upregulation of (basolateral) 
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ABCC1 and ABCC3 38,75,76. Together these transporters cover all the substrates 

of ABCC2 77 and could thus provide an alternative route for elimination of 

various compounds via the urine 78,79.  

 

Although Dubin-Johnson syndrome does not present with profound cholestasis, 

the interactions between ABCC2 and the etiology of cholestasis have frequently 

been described but never completely elucidated. ABCC2 has been shown to be 

downregulated in ethinylestradiol (EE)-induced intrahepatic cholestasis and 

also in bile duct ligation-induced obstructive cholestasis 80. Studies in Abcc2-

deficient rats, however, revealed that impaired activity of Abcc2 is not the cause 

of EE-induced cholestasis 81. In contrast, estradiol-17b glucuronide failed to 

induce cholestasis in Abcc2-deficient rats 82, indicating that Abcc2 is required 

for the development of estradiol-17b glucuronide-induced cholestasis.  

 

Cholestasis and jaundice can be a complication of sepsis 83. Decreased ABCC2 

expression has been reported in several models of liver inflammation, including 

lipopolysaccharide (LPS)-induced hepatitis and sepsis in rats 80 and hepatitis C 

(HCV)-infected human livers 84. Intestinal expression of ABCC2, ABCB1 and 

CYP3A was reduced in a rat model for endotoxin-induced inflammation 85. A 

reduction of ABCB1 and ABCG2 was also observed in patients with ulcerative 

colitis, yet expression of ABCC2 was unaffected 86. Interestingly, placental 

expression of both ABCC2 and ABCC3 were downregulated in a rat model of 

endotoxin-induced inflammation, suggesting that under these conditions the 

maternal-fetal barrier could be compromised 87. Although exact mechanisms 

are not established, inflammatory cytokines are considered to be responsible 

for ABCC2 downregulation. Kupffer cell-produced proinflammatory cytokines, 

such as IL-1b, IL-6 and TNF-a, can downregulate ABCC2 expression, possibly 

mediated via NF-kB activation 88. The downregulation of ABCC2 expression 

after LPS treatment can be blocked by anti-IL-1 and anti-TNFa antibodies 88-90. 
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2.4 Animal models 

2.4.1 Abcc2-deficient rats 

A decade prior to the identification of ABCC2 in 1996, Jansen et al. (1985) 

described a mutant Wistar rat strain, the Transport deficient (TR-) rat, that 

displayed conjugated hyperbilirubinemia as a result of defective bilirubin 

transport 8,69. Two similar rat mutants were described around the same time: 

the Groningen Yellow (GY) mutant, a rat strain derived from the same colony as 

the TR- mutant 54 and the Eisai hyperbilirubinemic Sprague-Dawley rat (EHBR) 

that was identified in Japan 70. These models have been extensively used as 

preclinical models of Dubin-Johnson syndrome and for the characterization of 

the pharmacokinetic and pharmacodynamic implications of Abcc2 loss of 

function 91-94. Similar to patients with Dubin--Johnson syndrome, ABCC3 is 

upregulated in these mutant rats, resulting in increased transport of organic 

anions across the sinusoidal membrane into the bloodstream 34,95,96. Whereas 

the role of Abcc2 in hepatobiliary excretion has been investigated extensively, 

its role in brain penetration and renal elimination is far less studied. A role for 

Abcc2 in blood-brain barrier penetration was demonstrated in TR-rats which 

displayed increased extracellular brain levels of the antiepileptic drugs 

phenytoin and carbamazepine as compared to wild-type rats 97,98. A role for 

Abcc2 in renal excretion was demonstrated in several studies using perfused 

rat kidneys 99. 

 

2.4.2 Abcc2 knockout mice 

Abcc2 knockout (Abcc2(-/-)) mice have been generated independently by three 

different groups 100-102. These mice display hyperbilirubinemia and reduced 

levels of biliary GSH, but the overall phenotype is less prominent as compared 

to ABCC2-deficient humans or rats. Some differences between the three mouse 

models have also been reported. Whereas in one model no compensatory 

upregulation of Abcc3 was observed in the liver 100, there was a 1.6 to twofold 
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increase in the two other models 101,102. For Abcc4, one model reported an 

increase in mRNA and protein in the liver and kidney of ~ 6- and twofold, 

respectively 100-102, whereas in another model Abcc4 was only about twofold 

increased in the kidney 101. 

 

Also in mice, a clear role of Abcc2 in biliary excretion of most of the tested 

anionic substrates is evident, but its role in intestinal and renal excretion and 

brain penetration is still not very well established. Plasma levels of the food-

derived carcinogens 2-amino-1-methyl-6-phenylimidazo4,5-bpyridine (PhIP) 

and 2-amino-3-methylimidazo4,5-fquinolone (IQ) were 1.9- and 1.7-fold higher 

after oral administration in Abcc2(-/-) mice versus wild-type mice, 

respectively, supporting a role for Abcc2 in restricting exposure to these 

compounds 101. Similar changes in  pharmacokinetics in Abcc2(-/-) mice have 

been described for the anticancer drug paclitaxel, the immunosuppressant 

mycophenolic acid, the macrolide antiobiotics spiramycin and erythromycin 

and the ACE inhibitor fosinopril 103-107. 

 

A clear advantage of the Abcc2(-/-) mouse model over the available mutant rats 

relates to the possibility to cross-breed them with other genetically modified 

mice. The use of compound knockout mice, with a deficiency in multiple Abc 

transporters with overlapping substrate specificities such as Abcb1, Abcg2 and 

other Abcc family members has allowed to evaluate their individual roles in 

drug disposition 108. This is illustrated by a study by Vlaming et al. 109 who 

showed that plasma levels of oral MTX were not significantly affected in Abcc2(-

/-) mice, whereas they were 1.7- and threefold higher in Abcg2(-/-) and Abcg2(-

/-)/Abcc2(-/-) mice, respectively, as compared to wild-type mice, suggesting 

additive effects of Abcc2 and Abcg2 on oral MTX pharmacokinetics 109. These 

effects, however, were dependent on the presence of Abcc3 (see Section 2.4.3). 
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Redundancy with Abcb1 was demonstrated for the anticancer drugs paclitaxel, 

docetaxel and etoposide. Similar to MTX, plasma levels of these drugs were 

unchanged in Abcc2(-/-) mice, but they were increased in Abcb1a/b(-/-

)/Abcc2(-/-) mice, respectively, as compared to Abcb1a/b(-/-) mice 31,103,110. 

Further comparison with intravenous (i.v.) administration showed that the oral 

bioavailability of docetaxel was increased by Abcc2 deficiency in the absence of 

Abcb1a/1b and Cyp3a, suggesting that Abcc2 activity may limit intestinal 

absorption of docetaxel 110. 

 

2.4.3 Abcc3 knockout mice 

Abcc3(-/-) mice have been generated by two different groups 111,112. These mice 

do not exhibit any overt phenotype under normal conditions. Specifically, no 

differences in the enterohepatic circulation of bile salts, levels of bilirubin 

glucuronide or sensitivity to etoposide were observed. However, when 

challenged with cholestasis induced by bile duct ligation, increased levels of 

hepatic bile salts and lower serum levels of bilirubin glucuronide were 

observed, suggesting that Abcc3 provides an alternative route for removal from 

the liver of these substrates under cholestatic conditions 111,112. In Abcc3(-/-) 

mice fed with a cholate-supplemented diet, levels of bile salts in portal serum 

and livers were decreased, probably because of an impaired intestinal uptake 

due to loss of Abcc3 from the enterocytes. As a result, farnesoid X receptor 

(FXR) activation was reduced, whereas at the same time cholate-induced liver 

growth was impaired and hepatic regeneration after partial hepatectomy was 

significantly delayed 113. Several drugs were reported to display altered 

pharmacokinetics in Abcc3-deficient mice. Generally, absence of Abcc3 results 

in the inability to transport (conjugates of) drugs from the liver back into the 

blood, consequently leading to a shift in their disposition route from urine to 

feces. This was elegantly demonstrated for morphine and its glucuronide 

conjugateM3G: absence of Abcc3 resulted in highly increased levels of M3G in 
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the liver and bile, a 50-fold reduction in the plasma levels of M3G, and in a shift 

in predominant disposition via the urine in wild-type mice to the feces in 

Abcc3(-/-) mice 112. Combined loss of Abcc2 and Abcc3 in compound Abcc2(-/-

)/Abcc3(-/-) mice resulted in a prolonged plasma exposure of M3G resulting 

from a substantial hepatic accumulation, with a slow sinusoidal release into the 

circulation via an as yet unidentified transporter 114. Lower plasma levels were 

also shown for M6G, a morphine metabolite that is formed in the human liver 

and that contributes to the pharmacological effect of morphine. As a result of 

the lower plasma exposure of M6G, its antinociceptive effects were decreased 

in Abcc3(-/-) mice 112. Similar changes in pharmacokinetics have been 

described for glucuronide-conjugates of various other substrates including 

acetaminophen, MTX, resveratrol, gemfibrozil, E3040, troglitazone, bisphenol 

A, 4-methylumbelliferon, dietary phytoestrogens and the fluorescent bile salt 

derivative cholyl-L-lysyl-fluorescein 115-120.   

 

In addition to its role in basolateral efflux from the liver, analysis of MTX 

pharmacokinetics after oral dosing in Abcc3(-/-) mice also suggested a role of 

Abcc3 in promoting intestinal absorption. Experiments with everted intestinal 

sacs indeed demonstrated that the mucosal-to-seral transport (i.e., net 

intestinal uptake) of MTX was considerably reduced in the duodenum of 

Abcc3(-/-) mice, indicating that Abcc3 normally facilitates the absorptive efflux 

of MTX from the enterocyte into the blood. Apparently, the decreased plasma 

levels of orally administered MTX in Abcc3(-/-) mice were due to both reduced 

intestinal absorption and impaired basolateral efflux from the liver 116. Reduced 

mucosal-toseral transport was also demonstrated for glucuronide conjugates 

of 4-methylumbelliferone, 7-ethyl-10-hydroxycamptothecin (SN-38), 

acetaminophen and the folates folic acid and leucovorin 121,122. 
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The use of compound knockout mice for multiple transporters has been 

profoundly insightful in characterization of the in vivo functions of Abcc3. 

Whereas the pharmacokinetics of bilirubin were unaffected in Abcc3(-/-) mice, 

a combined deficiency with the hepatic uptake transporters Oatp1a/1b 

(Slco1a/1b) revealed that Abcc3 also mediates the secretion of bilirubin 

conjugates from the liver back into the blood under non-cholestatic conditions 

47. In Oatp1a/1b knockout mice, plasma bilirubin glucuronide levels were 

strongly elevated and this effect was largely reversed when Abcc3 was also 

absent. Incomplete normalization of plasma bilirubin glucuronide levels in the 

Slco1a/1b(-/-)/Abcc3(-/-) mice further suggests the presence of redundant 

sinusoidal exporters, possibly Abcc4. Based on these findings, it was 

hypothesized that Abcc3 and Oatp1a/1b proteins together constitute a 

sinusoidal liver-blood shuttling loop. Within the liver, this shuttle may allow a 

flexible transfer of bilirubin conjugates as well as various drug conjugates 

formed in upstream (perivenous) hepatocytes to downstream (periportal) 

hepatocytes, thereby preventing local saturation of further detoxification 

processes and toxic injury of perivenous hepatocytes 47. Similarly, in 

Abcg2/Abcc2/Abcc3(-/-) mice, the food-derived carcinogen PhIP and its 

metabolites accumulated in the liver, indicating that Abcc3 is involved in the 

sinusoidal secretion of these compounds 123. In experiments with intestinal 

explants it was found that intestinal absorption of the antibiotic cefadroxil was 

similar in Abcc3(-/-) and Abcc4(-/-) mice but reduced by ~ 50% in compound 

Abcc3(-/-)/Abcc4(-/-) mice, demonstrating that these transporters are 

redundant for the transport of cefadroxil by intestinal cells 124.  

 

Transport of the widely used chemotherapeutic MTX is accommodated by 

Abcc2, Abcc3 and Abcg2. As a result of reduced biliary excretion, the plasma 

levels of i.v. administered MTX and its toxic metabolite 7-hydroxymethotrexate 

(7OH-MTX) were increased in both Abcc2(-/-) and Abcg2(-/-) mice, and this 

2

 



Chapter 2 

74 

 

effect was additive in compound Abcc2(-/-)/Abcg2(-/-) mice. However, 

elevated levels of MTX were not seen when Abcc3 was also deficient, indicating 

that Abcc3-mediated sinusoidal efflux causes MTX plasma concentrations to 

increase in the absence of Abcc2- and/or Abcg2-mediated biliary excretion 

109,125-127. 

 

2.5 Polymorphisms in ABCC2 and ABCC3 genes affecting drug response 

A major problem in design of effective therapeutic strategies is the high 

interindividual variability in response and sensitivity to drugs, underscoring 

the urgent need for ‘personalized medicine’ approaches. With the development 

of high-throughput screening methods for the detection of single-nucleotide 

polymorphisms (SNPs) and their application in genome-wide association 

studies, it is becoming increasingly clear that genetic variations in proteins 

affecting the pharmacokinetics of drugs, including ABCC2 and ABCC3, may 

contribute to this variability (Table 3). 

 

2.5.1 Polymorphisms in ABCC2 

Polymorphic genetic variations have been reported in the coding region and in 

the 5’ and 3’ untranslated regions of ABCC2 that influence the response and 

outcome of various drugs as well as the development of drug-induced toxicity. 

The most common genetic variants in ABCC2 are SNPs -24C>T, 1249G>A and 

3972C>T. The -24C>T SNP, resulting in decreased ABCC2 expression 128, has 

been associated with altered pharmacokinetics of various drugs including 

mycophenolic acid, telmisartan, diclofenac, antiepileptic drugs, simvastatin and 

MTX 129-134. 

 

Various polymorphisms in ABCC2 have been associated with increased toxicity 

of MTX, an anti-folate drug frequently used for the treatment of cancer and 

autoimmune diseases such as arthritis. Two SNPs in ABCC2 (1249G>A, 
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associated with gastrointestinal MTX toxicity; and 1058G>A, associated with 

MTX hepatotoxicity) have been identified in African American patients with 

rheumatoid arthritis. In addition, intronic SNP 3258+56T>C was associated 

with MTX toxicity-related time to discontinuation or dose-decrease in 

Caucasians 135. The latter variant was also found to be associated to 

gastrointestinal toxicity in an independent cohort of 200 rheumatoid arthritis 

patients 136. 

 

ABCC2 has further been identified as a marker for MTX toxicity in pediatric 

acute lymphoblastic leukemia (ALL). A significant association with MTX plasma 

levels in 151 pediatric ALL patients was found for the intronic SNP 4146 

+154A>G 137. An association of the ABCC2 -24C>T polymorphism was found 

with high-dose MTX plasma concentrations and toxicities in 112 Han Chinese 

childhood ALL patients 132. In 127 Lebanese ALL pediatric patients,  ABCC2 

variant -24C>T was associated with increased MTX toxicity 138. In addition to 

ABCC2 and ABCC3, MTX can also be transported by ABCG2 (BCRP), other ABCC 

family members, and to a lesser extent by ABCB1 (MDR1) 139. A significant effect 

of the intronic SNP 4146+154A>G in ABCC2 on the clinical outcomes of 

adjuvant tamoxifen therapy for breast cancer patients was reported 140. 

Although tamoxifen itself is not a substrate of ABCC2, the protein is 

overexpressed in tamoxifen-treated primate livers and in tamoxifen-resistant 

MCF7 cells, suggesting that active metabolites of tamoxifen, such as 4-hydroxy-

N-desmethyltamoxifen (endoxifen) can be transported by ABCC2 141,142. 

 

Docetaxel-induced leukopenia/neutropenia is a lethal dose limiting toxicity of 

docetaxel. In a  retrospective case-control study of 140 Japanese cancer patients 

who received docetaxel monotherapy, a strong association of leukopenia was 

found with SNP rs12762549 (G>C) located 10 kb downstream from the stop 

codon of ABCC2. in ABCC2 143. This specific polymorphism also showed a trend 
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towards a relationship with reduced docetaxel clearance but was not associated 

with neutropenia in a cohort of 64 US cancer patients who received docetaxel 

monotherapy 144. The same polymorphism was also associated with 

interindividual differences in the plasma levels of metabolites of isoflavonoids 

145. 

 

ABCC2 mediates the transport of antiepileptic drugs carbamazepine and 

valproic acid 146 and is upregulated in the brains of patients with epilepsy 147. 

Although several groups have reported polymorphisms in ABCC2 to be 

associated with drug response in patients with epilepsy, published studies have 

been inconsistent. For example, the nonsynonymous polymorphism 1249G>A 

showed a strong association with neurological adverse drug reactions of 

carbamazepine 148. The same SNP was also associated with an increased 

response to carbamazepine or oxcarbazepine in Caucasian patients with 

childhood epilepsy 149. In contrast, in a study of 537 Chinese epilepsy patients, 

polymorphisms 24C>T and 3972C>T in ABCC2 were associated with 

antiepileptic drug resistance, whereas this was not the case for polymorphism 

1249G>A 131. One of the obvious reasons for the heterogeneity in the reported 

results could be the relatively small sample size used in several of these studies, 

limiting the power to detect the effect of the genetic polymorphisms on drug 

response 150. 

 

2.5.2 Polymorphisms in ABCC3 

In humans, hepatic expression of ABCC3 mRNA is influenced by the 

polymorphism C>T at position -211 in the promoter of the ABCC3 gene and is 

associated with an increased clopidogrel response in patients 151, a decreased 

progressionfree survival of small cell lung cancer after chemotherapy 152 and 

with a shorter survival time in Israeli AML patients on chemotherapy 153. An 

intronic SNP (rs4148405) in ABCC3 was associated with a significantly shorter 
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diseasefree survival in adult acute myeloid leukemia (AML) patients treated 

with chemotherapy (cytarabine, etoposide and busulfan) followed by 

autologous stem cell transplantation 154. This effect was most likely related to 

changes in response to etoposide glucuronide, which has previously been 

described as an Abcc3 substrate in vitro and in vivo 31,111. The functional effects 

of this SNP have not been reported, but it was speculated to be associated with 

higher expression levels of ABCC3 in the liver and/or leukemia cells and thus 

with reduced levels of etoposide in the tumor cells 154. Similar to ABCC2, 

polymorphisms in ABCC3 have also been associated with response to MTX. 

Polymorphism -211C>T was associated with increased response to MTX in 

patients with juvenile idiopathic arthritis 155, whereas polymorphism 3039C>T 

in exon 22 was associated with shorter disease-free survival and overall 

survival of osteosarcoma patients after chemotherapy including MTX 156,157. 

 

Table III: Polymorphisms in ABCC2 and ABCC3 affecting drug response 

Polymorphism Function Drugs affected Variant Ref. 
ABCC2         
-24C>T 5’ UTR 

(promoter) 
MTX, many other 
drugs 

rs717620 130-135,139  

1058G>A Missense 
(Arg353His) 

MTX rs7080681 136  

1249 G>A Missense 
(Val417Ile) 

MTX, 
carbamazepine 

rs2273697 132,136,149,150  
 

3258+56T>C Intronic MTX rs4148396 137  
3972C>T Synonymous 

(Exon 28) 
Antiepileptic drug 
resistance 

rs3740066 132  

4146+154A>G Intronic MTX, tamoxifen rs3740065 138,141  
C>G 3’ UTR (+10kb) Docetaxel rs12762549 144,145,148  
ABCC3         
-211C>T 5’ UTR 

(promoter) 
MTX, clopidogrel rs4793665 152-154,156  

45+1226T>G Intronic Etoposide rs4148405 155  
3039C>T Synonymous 

(Exon 22) 
MTX rs4148416 157,158  

 

UTR = untranslated region, MTX = methotrexate 
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3. REGULATION OF ABCC2 AND ABCC3 

Many drugs affect ABC transporter function by modulating their expression, 

activity or localization. This modulation can take place at the transcriptional or 

post-transcriptional level. 

 

3.1 Transcriptional regulation of ABCC2 and ABCC3 

Drugs affecting transcription mostly interact with specific transcription factors. 

The transcription of many metabolic enzymes and transporter genes are 

modulated through stimulation of one or several nuclear receptors (NRs). NRs 

comprise a family of 49 ligand-activated transcription factors that act as 

transcriptional switches responding to endogenous ligands such as lipophilic 

hormones and pro-inflammatory factors or to exogenous ligands such as 

dietary vitamins and lipids or pharmacological agents 158. The majority of NRs 

have two structural domains that determine their function, a DNA-binding 

domain (DBD) and a ligand-binding domain (LBD). The DBD binds to specific 

regulatory sequences of gene promoter DNA. In case of NRs activated by 

xenobiotics, these sequences are also called xenobiotic response elements, 

usually consisting of six nucleotides 159. The LBD binds NR ligands, such as 

hormones and xenobiotics, and thereby induces conformational changes that 

allow for transcriptional regulation to occur via the respective NR 158. 

 

It is estimated that 13% of FDA-approved therapeutics acts through NR 

modulation 159. These include thiazolidinediones used in treatment of insulin 

resistance, hypolipidemic drugs (e.g., fibrates), inflammation inhibitors such as 

dexamethasone, and anticancer drugs like tamoxifen 160. Vice versa, several NRs 

have recently been demonstrated to control major metabolic processes 

involved in maintenance of glucose and lipid homeostasis, immune status and 

so on. Consequently, NRs have become important targets for drug development 

aimed at treatment of metabolic diseases. This work, however, is complicated 
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by the fact that NR-mediated transcriptional regulation is highly complex, since 

a single gene can be regulated by several NRs and a single NR, in general, 

regulates transcription of a plethora of target genes. ABCC2 and ABCC3 

transcription is regulated by at least four different NRs, that is, pregnane X 

receptor (PXR, NR1I2), constitutive androstane receptor (CAR, NR1I3), 

peroxisome proliferatoractivated receptor a (PPAR-a, NR1C1) and retinoic acid 

receptor a (RAR-a, NR1B1) 29,161-164. 

 

3.2 Regulation of ABCC2 and ABCC3 by xenobiotic receptors PXR and CAR 

Both ABCC2 and ABCC3 are transcriptionally regulated by PXR 165,166, also 

known as steroid and xenobiotic receptor (SXR),which is highly expressed in 

the liver and intestine 165,166. Exogenous PXR-ligands include rifampicin, 

spironolactone, dexamethasone, clotrimazole, ritonavir and atorvastatin 167. 

Pregnenolone-16a-carbonitrile (PCN) is a synthetic ligand and commonly used 

in cell and animal experiments 168. Induction of Abcc2 mRNA and protein in the 

liver of wild-type but not PXR knockout mice has been reported after 

administration of PCN or cholate 169,170, implying a significant role for PXR in 

regulation of Abcc2 expression in vivo. Activation of PXR has been shown to 

protect against hepatotoxicity upon experimental cholestasis in part induced 

by the expression of several hepatic bile salt transporters, including ABCC2 170. 

 

Induction of ABCC2 expression can lead to increased biliary excretion of its 

substrates, which in turn potentially limits bioavailability of ABCC2-

transported drugs. Drugs that modulate NR activity can therefore contribute to 

complex drug-drug interactions. However, defining and predicting transporter-

mediated drug interactions is intrinsically complicated by the interplay 

between transporters and drug-metabolizing enzymes, such as CYPs, UGTs and 

sulfotransferases 171.These enzymes and the transporter proteins that mediate 

transport of the metabolites produced are frequently regulated by the same 

2
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NRs. To illustrate this issue: rifampicin is a PXR ligand that has been shown to 

induce the transcription of ABCC2 141,172, but also that of UGT1A1 173, CYP3A4 

174, and ABCB1 175. By inducing the expression of these proteins, rifampicin 

reduces the bioavailability , of many drugs that are metabolized or transported 

by these proteins 176. In addition, rifampicin is an ABCC2 substrate and 

therefore potentially promotes its own excretion 177. Apart from exogenous 

substrates, rifampicin induces the clearance of endogenous substances, such as 

bilirubin 178,179. Rifampicin has been shown to enhance bilirubin clearance via 

upregulation of both UGT1A1 and ABCC2, thereby promoting both bilirubin 

conjugation and biliary excretion of conjugated bilirubin 178,179. Rifampicin has 

been used to treat pruritus in cholestatic patients 180. In rats, dexamethasone, 

spironolactone and PCN induce bilirubin clearance in the same fashion 165,181-

184. Dexamethasone has been suggested as a therapy for cholestasis of 

pregnancy. Although in some cases improvement of symptoms were reported, 

published results have been conflicting 185-187. In a randomized controlled trial 

by Glantz et al. UDCA was found to be superior to dexamethasone in treatment 

of cholestasis of pregnancy 188. Ritonavir, an antiviral protease inhibitor, was 

shown to induce ABCC2 expression in primary human hepatocytes 189. 

However, most protease inhibitors decrease UGT1A1 transcription, resulting in 

increased unconjugated bilirubin levels in the blood 190. 

 

CAR, closely related to PXR 191,192, also modulates the expression of both ABCC2 

and ABCC3 165,193. Ligands of CAR are phenobarbital, diallyl sulfide and 6,7-

dimethylesculetin, which is present in Yin Chin, a traditional Chinese medicine 

used in the treatment of jaundice. 1,4-bis 

2-(3,5-dichloropyridyloxy)benzene (TCPOBOP) is a commonly used synthetic 

ligand of CAR in experimental studies 165,193,194. Both phenobarbital and 

TCOPOBOP have been shown to induce ABCC2 and UGT1A1 and, thereby, to 

reduce serum bilirubin in rodents 193,195. Phenobarbital, an anticonvulsant, has 
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been used to treat neonatal hyperbilirubinemia before the introduction of 

phototherapy 196. Phenobarbital is known to inhibit biliary excretion of the 

glucuronide metabolites of morphine 197, valproic acid 198 and acetaminophen 

199,200. These drug interactions are probably caused by competitive inhibition of 

ABCC2-mediated transport, because phenobarbital metabolites are also mainly 

excreted via ABCC2 201. 6,7-Dimehtylesculetin has been shown to upregulate 

UGT1A1 and Abcc2 in primary mouse hepatocytes and to enhance bilirubin 

clearance in mice 194. Abcc3 expression is increased via CAR-mediated 

regulation by phenobarbital, TCPOBOP and diallylsulfide 193,202,203. Diallysulfide, 

a garlic derivative, has been shown to increase Abcc3 expression in mouse liver 

and to induce Abcc2 expression in the liver and kidney in rats 203,204. In addition, 

diallyl sulfide was found to inhibit the activity of several liver CYPs, which 

possibly contributes to its chemoprotective properties 205,206. 

 

3.3 Regulation of ABCC2 and ABCC3 by PPARs and RAR 

PPARs regulate the expression of genes involved in fat and glucose metabolism, 

inflammation and cancer 207-209. PPAR-a is a receptor for fatty acids and their 

derivatives and is the target of the fibrate-class of anti-hyperlipidemic drugs 210. 

Ligand activation of PPAR-a induced the expression of ABCC2 in human 

hepatoma cells and in human hepatocytes and HepG2 cells 211,212. In addition, 

activation of PPAR-a by clofibrate has been shown to increase both mRNA and 

protein levels of Abcc3 in mice, and this effect was absent in PPAR-a-null mice 

162,213. Maher et al. 214 also reported a PPAR-a-mediated induction of Abcc3 in 

mice treated with perfluorodecanoic acid, a synthetic PPAR-a ligand. This 

upregulation was associated with increased serum levels of conjugated 

bilirubin and bile salts 214. Recently, bezafibrate has been considered as a 

potential anticholestatic medicine for the treatment of primary biliary cirrhosis 

in patients who do not respond sufficiently to ursodeoxycholic acid (UDCA) 

monotherapy. Although the mechanisms of its anticholestatic action have not 

2
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been completely elucidated, bezafibrate is believed to act as a dual PPAR/PXR 

agonist and inhibits hepatic synthesis and uptake of bile acids, enhances bile 

acid detoxification and stimulates canalicular ABCB1, ABCB4, ABCC2, ABCC3 

and ABCC4 activities 211. 

 

RAR-a is activated by retinoic acids, which are vitamin A metabolites 215. Only a 

few drugs are known to target RAR-a. Tretinoin is used in topical acne 

treatment and for acute myeloid leukemia 216,217. Alitretinoin is used as a topical 

drug for hand eczema and Kaposi sarcoma skin lesions 218,219. No effects of these 

drugs on ABCC2 or ABCC3 have been reported in patient studies. Yet, Denson 

et al. 220 have identified an RAR-a response element in the ABCC2 promoter. IL-

1b suppresses regulation via this element by reducing the number of RAR-a 

complexes, possibly contributing to the observed decrease of ABCC2 in 

hepatitis 220.  

 

3.4 Post-transcriptional regulation of ABCC2 and ABCC3 

Evidence for regulation of ABCC2 at the post-transcriptional level has been 

reported by Mottino et al., who observed a discrepancy between mRNA and 

protein levels of ABCC2 in rat small intestine 23. Whereas ABCC2 showed a 10-

fold decrease in protein expression from proximal (duodenum) to distal (ileum) 

intestine, mRNA levels were similar in all sections 221. A poor correlation 

between mRNA and protein expression of ABCC2 and other ABC transporters 

was also observed in human intestine 222. One of the posttranscriptional 

mechanisms contributing to protein expression of ABCC2 involves the ezrin-

radixin-moesin (ERM) family of proteins that crosslink actin filaments to 

integral membrane proteins. Translocation of Abcc2 to the bile canalicular 

membranes was reduced in radixin knockout mice, resulting in a phenotype 

that is similar to Dubin-Johnson syndrome 223. Further, the phosporylation 

status of ezrin correlated with the protein levels of Abcc2 along the 
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gastrointestinal tract of rats, suggesting that ERM activity determines this 

gradient 224. Sekine et al. reported that the intracellular localization of Abcc2 

during conditions of acute oxidative stress, such as cholestasis, is determined 

by the intracellular redox status and involves activation of PKA 225. In liver 

grafts, reduced distribution of Abcc2 from the cytoplasm to the canalicular 

membrane has been associated with reduced graft viablity 226. Pioglitazone, a 

ligand for PPAR-g, was reported to improve sorting of Abcc2 to the canalicular 

membrane, possibly through activation of protein kinase A, and suggests that 

pioglitazone treatment or PPAR-g activation could be beneficial in improving 

liver graft viablity 227. 

 

4. EXPERT OPINION 

As covered in this review, the transporters ABCC2 and ABCC3 are important 

determinants in the pharmacokinetics of a wide range of (conjugated) drugs, 

toxicants and endobiotics. ABCC2 is best known for its role in the hepatobiliary 

transport of conjugated bilirubin, a deficiency of which results in Dubin--

Johnson syndrome. Genetic variation in ABCC2 and to a lesser extent ABCC3 has 

also been associated with altered sensitivity to various clinically relevant drugs 

including anticancer drugs (MTX, tamoxifen, docetaxel), antiepileptic drugs 

(carbamazepine, valproic acid) and paracetamol. However, the functional 

consequences of these genetic variants are still largely unknown and more 

research is needed to clarify these associations. This knowledge is urgently 

needed to be able to define ‘personalized’ or ‘individualized’ treatment 

strategies for the commonly used antibiotic and (chemo)therapeutic agents 

that are transported by ABCC2 and ABCC3. 

 

Physiological characterization of ABCC2 and in particular ABCC3 has been 

complicated by the overlapping substrate specificities with other transporters. 

The generation of compound knockout mice, deficient in multiple transporters 
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such as Abcb1, Abcg2 and Slco1a/1b, has been profoundly insightful and has 

revealed functions that could otherwise not have been demonstrated.  

 

Although a deficiency in ABCC3 is not directly associated with disease, this 

protein does provide an important alternative excretion route in conditions of 

ABCC2 deficiency or otherwise impaired ABCC2 function, such as in obstructive 

cholestasis. Under these conditions, substrates that are normally eliminated via 

the hepatobiliary pathway are alternatively expelled from the liver into the 

blood by ABCC3 in the sinusoidal membrane of the hepatocytes and ultimately 

eliminated via the kidneys. It follows that any disease process in which either 

of these transporters is important could potentially benefit from 

pharmacological manipulation of the activity of these transporters. Conversely, 

drugs that are transported by ABCC2 and ABCC3 may act as competitive 

inhibitors and thereby ameliorate disease states. Direct manipulation of the 

transporter proteins to achieve therapeutic beneficial effects is likely to prove 

difficult. A more attractive approach is to target the NRs recognized as being 

responsible for the regulation of these transporters. Indeed, pharmacological 

activation of PXR, CAR and PPARs have already been shown to reduce 

hyperbilirubinema, influence cholestatic liver disease and liver graft viability, 

in part through induction of ABCC2 or ABCC3. Yet, in view of the fact that the 

NRs also show ‘low specificity’, that is, modulate the expression of a broad range 

of genes, it is evident that this approach will require the development of organ- 

and/or gene-selective pharmacological ligands. 

 

Therefore, a main focus of the pharmaceutical industry is to develop Selective 

Receptor Modulators (SRMs) with increased beneficial effects and reduced 

adverse effects. Examples of these drugs include Selective Estrogen Receptor 

Modulators (SERMs) and Selective PPAR Modulators (SPARMs) 228,229. 
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